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ABSTRACT, CONCLUSIONS AND RECOMMENDATIONS 
S ix ty  sea l ed  Ag-ZnO c e l l s  of 20 AH r a t e d  capac i ty  were designed and 
manufactured t o  t e s t  t h e  e f f e c t  on cyc le  l i f e  of :  
(1) Two regimes each one cyc le  pe r  day a t  SPA depth of 
discharge - 
Regime A - 20 2/3 hours charge/3 1/3 hours discharge 
Regime B - 1 0  hours charge/l4 hours discharge 
(2) Wedge shaped vs  s tandard  negat ives  
(3) Extended vs  s tandard negat ives  
(4) Two types  of polypropylene absorbers  and t h r e e  GX 
wrap v a r i a t i o n s :  p o s i t i v e ,  nega t ive ,  and s p i r a l  
wrap. 
I n i t i a l  cycles  a t  lo@/, depth a t  8 and 1 6  amperes p r e d i c t  maximum 
energy w i l l  be de l ive red  by c e l l  designs with extended o r  extended and 
wedge shaped negat ives ,  p o s i t i v e  wrapped c e l l  packs conta in ing  Pe l lon  
2140 and 8 l a y e r s  GX o r  Kendall E1488 absorbers  and 1OL GX membrane. 
The same designs a r e  supe r io r  on regime A and regime B cyc l ing  rou t ines ;  
however capac i ty  l o s s  during cyc l ing  i s  much g r e a t e r  on regime B - 
Regime Cycle Range of Capacity Loss 
%/Cy c 1 e 
A 20 2/3 hours C/3 1/3 hours D 0 .2  - 0.5 
B 1 0  hours C/14 hours D 0 .9  - 2 . 2  
Regime B is t o  be avoided if a t  a l l  poss ib le .  I n i t i a l  l i m i t i n g  
cur ren ts  and constant  vo l tages  must be s e l e c t e d  f o r  each c e l l  design t o  
assure  charge inpu t  is equal  t o  o r  s l i g h t l y  g r e a t e r  than t h e  slow, 
e f f i c i e n t  14-hour discharge.  
Erosion of t h e  nega t ive  p l a t e  i s  t h e  prime cause of f a i l u r e  on both 
regimes a t  t h e  cyc le  l i f e  generated t o  d a t e  of 124  t o  154 cycles .  
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I. DEVELQPmNT QP HIGH CYCLE LIFE - 2 0  AH CELLS - TASK 1 0  
A. 0b.iectives and P a s t  Work. - JPL Spec i f i ca t ion  50436-DSN-B and 
Modification 25 of Contract  951296 r e q u i r e  development of a 20  AH sea l ed  
Ag-ZnB c e l l  capable of 400 cycles  a t  5@/0 depth of discharge.  This cycle  
l i f e  i s  t o  fol low a one-year prelaunch s to rage ,  h e a t  s t e r i l i z a t i o n  f o r  
72 hours a t  135"C, f l i g h t  acceptance t e s t s ,  launch environments, 9-month 
Znterplanetary c r u i s e  and a s o f t  landing impact of 200 g (0.7 msec). 
A f a c t o r i a l  experiment on 2 7  c e l l s  of 1 6  AH nominal capac i ty ,  having 
9 l aye r s  of SGdRI-GX membrane wrapped on negat ive  p l a t e s ,  y ie lded  one 
s t a t i s t i c a l l y  s i g n i f i c a n t  va r i ab le .  Capacity maintenance increased with 
inc reas ing  ZnQ/Ag weight r a t i o  a t  t h e  t e s t  l e v e l s  of  0.9,  1 . 2 ,  and 1.5.  
Wet th ickness  of GX (2 .0 ,  2 . 4 ,  and 2.8 m i l s )  and KOH concentrat ion (41, 43, 
45%) were no t  s i g n i f i c a n t ,  Af te r  100  cyc les  of 1000/, depth c e l l s  were 
d i s sec t ed ,  Negative e ros ion  was 500A o r  g r e a t e r ,  top  t o  bottom, leav ing  
a dome shaped p a t t e r n  i n  t h e  lower 500? of p l a t e  a rea .  
increased with decreas ing  KOH concentrat ion and inc reas ing  wet GX 
allowance ( increasing KQH volume). Capacity f a l l  off  i n i t i a l l y  was 
g r e a t e r  than  exponent ia l  and a t t r i b u t e d  t o  absence of a p o s i t i v e  non- 
woven i n t e r s e p a r a t o r .  
Ag pene t r a t ion  
S i x t y  2 0  AH c e l l s  were then manufactured t o  t e s t  on two cycle  regimes, 
two p o s i t i v e  non-woven polypropylene sepa ra to r s  (Kendall E1488 i r r a d i a t e d  
and Pel lon FT 2140), 8 vs 1 0  l a y e r s  GX, extended v s  nom extended negat ives ,  
and t h r e e  wrapping s t y l e s  (pos i t i ve  , negat ive,  and s p i r a l )  e 
A 1 1  c e l l s  were hea t  s t e r i l i z e d . ' w e t  s ea l ed  f o r  72 hours a t  1 3 5 ° C .  
Weight loss was 0 .5  t o  1-5 g a s  water  except f o r  one c e l l  which leaked 
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a t  a metal  plug - "0" r i n g  - case s e a l ,  C e l l s  were given t h r e e  lo@/, 
depth cyc les  a t  d i scharge  r a t e s  of 8 ,  3 ,  and 1 6  amperes t o  1..25 v o l t s ,  
then divided i n t o  two groups based. on cycle  regimeo 
B. I n i t i a l  SOP? Depth Cvcles. - Mean c e l l  a t t r i b u t e s  were ca l cu la t ed  
f o r  the  t h r e e  i n i t i a l  cycles .  Table I summarizes by design type d i s -  
charge capac i ty ,  average vol tage ,  and s i l v e r  u t i l i z a t i o n  f o r  the  e i g h t  
and 16 ampere discharges t o  1.25 v o l t s ,  and t h e  mean r e s i d u a l  capac i ty  
i n  each c e l l  group a f t e y  the  t h i r d  cycle.  
A poss ib l e  ranking can be made of  t h e  i n i t i a l  cycl ing performance of 
the  seven c e l l  designs based on t h e  assumptions t h a t  a d e s i r a b l e  secondary 
energy package should have: 
e high vol tage  and capac i ty  
0 equal  charge-discharge c a p a b i l i t y  a t  t h e  3 r a t e s .  
C e l l  
A t t r i b u t e  
Absorber & Thickness 
Kendal1 8 
2 4  
Pel lon 11 
Layers GX 7 
8 
1 0  
Wrap f 
S p i r a l  
- 
Negative Wedge 
Extended Negatives 
Capacity Out 
Std 
8 A  
1 6 A  
%A 
16A 
Residual  Capacity 
Voltage on Load 
High 
-7   
X 
X 
X 
X 
X 
3 
3 
1 
1 
1 
-6 
X 
X 
X 
X 
X 
2 
I 
5 
5 
2 
~e s .i &Typ e 
-1 -5  -4 
X X 
X 
X X X 
X X 
X 
X X X 
X X 
3 4 1 
2 a 5 
2 4. 3 
4 2 3 
3 6 6 
-2   
X 
x 
X 
X 
5 
6 
6 
6 
4. 
-3  
X 
X 
X 
X 
X 
X 
6 
4 
7 
7 
5 
Afte r  3rd- Cycle 
Rank Score 9 15 1 7  18 2 0  2 7  29  
Rank 1 2 J ?> a. Ea 6 7 
High ranking c e l l s  have extended negat ives  and pos i t i v e  w m p s  
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C. Regime A 2 0  2/3-Hour Charge/3 1/3-Hour Discharge Cvclinq. - Afte r  
t h e  i n i t i a l  cycle  t e s t s  were completed, t h e  c e l l s  were divided i n t o  two 
groups f o r  500/0 depth cyc l ing  on regime A (20 2/3-hour charge/3 1/3 hour 
discharge) o r  regime B (10-hour charge/l4 hour discharge.  Table I1 gives  
assignments and cycles  t o  da te .  F igure  1 gives  t h e  decay of end-of- 
discharge vol tage  ( l a s t  vo l t age  recorded dur ing  discharge t i m e )  a s  a 
func t ion  of regime A cycles  completed f o r  each c e l l  design. 
g ives  t y p i c a l  complete charge-discharge curves f o r  t h r e e  of t h e  ~ E S +  c e l l  
designs a t  cycles  1 0  and 132. . C e l l  designs 1 and 2 ,  and poss ib ly  3 ,  
have reached the  po in t  of capac i ty  l i m i t a t i o n  by one c e l l  of t h e  group. 
C e l l  designs 1 and 2 bo th  have non-extended negat ive p l a t e s  and 1OL GX 
membrane. C e l l  design 3 has 7L GX and 6L non-woven polypropylene i n  a 
s p i r a l  p o s i t i v e  wrap. 
cycl ing i s  cons i s t en t  wi th  t h e  loaded vol tages  f o r  t h i s  c e l l  design i n  
Table  I f o r  cycles  1 and 3 a t  8 A  and 16A re spec t ive ly .  To compensate 
f o r  t h e  h igher  i n t e r n a l  r e s i s t a n c e  of design 3 t h e  charge vol tage  was 
rev ised  from 1 .95  v o l t s  per  c e l l  t o  1 . 9 6  v o l t s  p e r  c e l l  a t  cyc le  135. 
Designs 4, 5 ,  6 ,  and 7 continue t o  cyc le  s a t i s f a c t o r i l y  a t  125 cyc les .  
No p red ic t ion  can be made a t  t h i s  p o i n t  concerning meeting t h e  cycle  l i f e  
goal  of 400 50% depth cycles .  
F igure  2 
The lower vol tages  of t h e  s p i r a l  wrap throughout 
D. Regime B 10-Hour Charge/l&-Hour Discharge Cycling. - Twenty-five 
c e l l s  - 5 each of c e l l  designs 1, 2 ,  5 ,  6 ,  and 7 were placed on regime B 
modified cons tan t  vo l tage  auto-cycl ing a t  SOO? depth of r a t e d  capaci ty .  
Table I1 gives  cyc les  completed t o  da t e .  I n  t h i s  o r b i t  t he  discharge 
r a t e  i s  very  low and e f f i c i e n t  and $he charge r a t e  i s  higher  and l e s s  
e f f i c i e n t .  During t h e  f i r s t  1 0  cycles  t h e  i n i t i a l  l i m i t i n g  charge cu r ren t  
was r a i s e d  from 1 .05  amperes t o  1.15 amperes, i nc reas ing  charge acceptance 
i n  t h e  10-hour per iod t o  equal  discharge output .  A t  cycle  28  i n t e g r a t i o n s  
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of charge and discharge curves showed output  was s t i l l  exceeding inpu t  
f o r  some of t h e  c e l l  designs.  The cycl ing constant  charge vol tage  was 
then increased from 1.95 t o  1 . 9 6  v o l t s  pe r  c e l l .  Table I11 gives  the  
inc reases  i n  end of discharge vol tages  r e s u l t i n g  - dramatic i n  c e l l  
designs 2 and 5. Only c e l l  design 7 f a i l e d  t o  show an inc rease  i n  vol tage .  
Approximately 60 cyc les  l a te r  a second inc rease  i n  vo l t age  of 0 . 0 1  
v o l t s  t o  1 - 9 7  v o l t s  pe r  c e l l  was implemented t o  b e n e f i t  c e l l  design 2 
pr imar i ly .  Figure 3 shows t h e  b e n e f i t  was sho r t - l i ved  i n  c e l l  design 2 
and j u s t  pe rcep t ib l e  i n  c e l l  designs 5 and 6. Shor t ly  t h e r e a f t e r  one 
c e l l  of f i v e  i n  t h e  design 2 b a t t e r y  f a i l e d  t o  d e l i v e r  1 0  ampere-hours 
even when charged a t  1 . 9 7  v o l t s  pe r  c e l l .  Group 2 i s  the re fo re  considered 
a f a i l e d  group on t h e  regime B t e s t .  The f a i l i n g  c e l l  (S/N 19)  was 
d issec ted  and found t o  have negat ive p l a t e s  eroded from top  t o  bottom 
more than 50%, 
recharge 81% of t h e  o r i g i n a l  cyc le  2 output .  Thus a f t e r  1 0 7  regime B 
cycles  capac i ty  l o s s e s  f o r  c e l l  type 2 p l a t e s  were estimated t o  be: 
A s i n g l e  p o s i t i v e  p l a t e  from t h i s  c e l l  de l ivered  a f t e r  
e p o s i t i v e s  19% max. 
IS negat ives  50% max. 
Based on cyc l ing  d a t a  developed on regime B t o  da te  t h e  b e s t  f o u r  
c e l l  designs ranked i n  order  of h ighes t  sus ta ined  vol tage  t o  lowest a r e  
designs 6,  7 ,  and 5. 
E. Residual Capacity Measuring Cycles. - A t  i n t e r v a l s  of approximately 
50 cycles  on t h e  automatic cyc l ing  regimes each 5-ce l l  group was charged 
by extending t h e  charge time u n t i l  t h e  charge cu r ren t  decayed t o  0 .2  ampere 
a t  t he  cons tan t  charge vol tage.  Each c e l l  was then discharged a t  t h e  8 
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ampere r a t e  t o  1 .25  v o l t s ,  and t h e  capac i ty  thus  de l ivered  was assumed t o  
be t h e  r e s i d u a l  capac i ty  i n  t h e  c e l l .  On regime A (20 2/3 hour charge/ 
3 1/3-hour discharge) t he  cycle  charge time normally increased t o  25 hours 
c 
before  t h e  charge c u r r e n t  decayed t o  t h e  cut-off .  On regime B (10-hour 
charge/l4 hour discharge) charge time w a s  approximately doubled - Figure 4 
i s  a summary of t h e  capac i ty  decay from cycle  3 t o  cycle  106  f o r  each 
c e l l  design. The major response i s  t h e  t e s t  regime. Regime B c e l l s  - 
a l l  f i v e  designs - decreased i n  capac i ty  50% a t  r a t e s  from 0 - 9  t o  2.2% 
per  cyc le ,  while  regime A c e l l s  decayed a t  r a t e s  from a maximum 0.5% 
t o  0,2% per  cycle.  
Ranking of t h e  ce l l  designs under t e s t  according t o  b e s t  capac i ty  
maintenance gives:  
Regime A - Designs 7 ,  4, 6 ,  5 ,  3 ,  1, 2 
Regime B - Designs 6 ,  7 ,  5 ,  1, 2 
Q u a l i t a t i v e l y  t h e  poorer c e l l  design w i l l  perform l e s s  e f f e c t i v e l y  
on both regimes. Q u a l i t a t i v e l y  a l s o  the  performance on i n i t i a l  lOoO/, 
depth cyc les  1 and 3 predic ted  the  b e t t e r  cycPing c e l l  designs before  
cyc l ing  was i n i t i a t e d .  See Sect ion B and Table I. 
I". C e l l  E l e c t r o l y t e  Leakage. - E l e c t r o l y t e  leakage has been observed 
as carbonate mossing around pressure  gage s e a l s  and te rmina ls ,  Table I V  
summarizes leakage s i t e s  found t o  d a t e  and t h e  ca l cu la t ed  s e a l  r e l i a b i l i t y .  
I n  no case has  t h e  e l e c t r o l y t e  l o s s  by weight measurements exceeded the  
weight loss as water d i f f u s i n g  through t h e  case during hea t  s t e r i l i z a t i o n  
f o r  72 hours a t  135"C, 
t h e  r e l i a b i l i t y  a f t e r  4 months 'of cyc l ing  i s  0,916 with 3 l eaks  on p o s i t i v e  
and 2 l eaks  on negat ive te rmina ls  i n  60 c e l l s .  
El iminat ing t h e  pressure  gage t o  cover leakage 
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One mechanism f o r  leakage revealed by c e l l  d i s s e c t i o n  i s  t h e  development 
of f i n e  cracks r a d i a t i n g  ou t  from te rmina l  holes  i n  t h e  molded PPO 534- - 
a 
801 covers a f t e r  extended hea t  s t e r i l i z a t i o n  i n  n i t rogen  a t  135°C- 
these  p a r t s  t h e  Skydrol 500A r e s i d u a l  s t r e s s  t e s t  showed marginal s t r e s s  
i n  t h e  covers a s  received from t h e  molder. See Figure 5. P a r t s  machined 
from Alpha-Lux [PPO 534-801) 1/2-inch th ick  s h e e t  exhibi ted s a t i s f a c t o r y  
s t r e s s .  A s  t h e  r a d i a l  cracks develop c e l l  e l e c t r o l y t e  can bypass t h e  "0" 
r i n g  epoxy s e a l s .  Improved molding techniques o r  covers machined from 
PPO 534-801 s l a b  s tock  a r e  s o l u t i o n s  t o  t h i s  problem, 
For 
11. QUALITY ASSURANCE 
Qual i ty  assurance engineers  monitored t h e  72 hour hea t  s t e r i l i z a t i o n  
of 60 c e l l s  a t  135 + 3 " C  i n  pure ni t rogen:  
2 ,  5 ,  6 and 7 and 5 c e l l s  each i n  c e l l  designs 3 and 4, Two c e l l s  (S/N 48 
1 0  c e l l s  each i n  c e l l  designs 1, 
and 49) leaked through cracks i n  t h e  molded cover r a d i a t i n g  o u t  from 
terminal  holes .  Weight l o s s  a s  e l e c t r o l y t e  and water was 18.5 and 8 . 6  
P 
grams f o r  cel ls .S/N 48 and 49 r e spec t ive ly  while non-leakers l o s t  weight 
as water i n  t h e  range 0.5 t o  1 . 5  grams. Design 6 c e l l s  were reduced by 
t h e  f a i l u m s o f  S/N 48 and 49 from .LO t o  8 and were cycled as -two groups 
of f o u r  r a t h e r  than f i v e  each. F a i l u r e  analyses  were performed on S/N 48 
and 4-9 up t o  i d e n t i f i c a t i o n  of leakage mechanism. 
Residual  s t r e s s  t e s t s  a s  descr ibed i n  Sec t ion  I-F were pepformed t o  
i d e n t i f y  t h e  degree of s t r e s s  locked i n t o  t h e  covers during t h e  molding 
cycle ,  and s o l u t i o n s  t o  t h e  problem were recommended. 
- 6- 
One c e l l  of design group 2 (S/N 1 9 )  was d i s sec t ed  a f t e r  a capac i ty  
f a i l u r e  on regime B r e s i d u a l  capac i ty  t e s t .  A d e t a i l e d  f a i l u r e  a n a l y s i s  
r e p o r t  was prepared and submitted t o  JPL. Cause of f a i l u r e  w a s  nega t ive  
p l a t e  e ros ion  a f t e r  107 cycles .  
111. FUTURE WORK 
Cycling of t h e  20  AH c e l l s  and f a i l u r e  analyses  of f a i l i n g  c e l l s  
w i l l  continue t o  t h e  end of t h e  negot ia ted  con t r ac t  work per iod - 
August 3 1 ,  1971.  The est imated number of 50% depth cycles  completed by 
surv iv ing  c e l l s  on t h a t  da t e  i s  250 - 275 cyc les  on both regimes A and B.  
Ce l l s  no t  d i s sec t ed  w i l l  be handled as d i r e c t e d  by JPL. 
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TABLE I1 
50% DEPTH AUTO-CYCLES AND TEST PARAMETERS 
Tes t  Parameter 
o r  
C e l l  Design Type 
Design Type 1 
2 
3 
4 
5 
6 
7 
Charge T i m e  
Voltage 
Current 
(Limiting Va l u  e) 
Discharge Time 
Unit 
ea. 
11 
11 
11 
11 
11 
11 
H r s .  
v/c 
Amps 
H r s .  
Cycles Completed* Cycles 
Regime Regime i;. -? 
A B €3. i h  ire 
13 5 15 4 
1 2  8 
13 4 
1 2  4 
13 1 
13 3 
13 3 
146 (2F) 1 0 7  
1 2  3 
NT 
NT 
1 45 
15 4 
149 
20 .67  1 0 . 0  
1.95 1.95 
0.50 1.15 
3.33 14.0 
(*) Each cyc le  a s  a 5 - c e l l  b a t t e r y .  
2F - Two c e l l s  f a i l e d  of f i v e .  
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TABLE I11 
INCREASE I N  END-OF-DISCmGE VOLTAGES WITH INCREASE I N  CHARGE 
VOLTAGE ON REGIME B 
(10-HOUR CHARGE/lb-HOUR DISCHARGE) 
Iesign L a s t  
;roup Cvcle 
i .  First Ad.iustment 
2 32 
5 50 
1 50 
6 5 0  
7 38 
I .  Second Adjustment 
2 8 6  
5 97  
1 95 
6 97  
7 85 
Charge 
Before 
Inc rease  
1 . 9 5  
1 . 9 5  
1 . 9 5  
1 . 9 5  
1 . 9 5  
1 . 9 6  
1 . 9 6  
1 . 9 6  
1 . 9 6  
1 . 9 6  
Voltage 
A f t e r  
Inc rease  
1 . 9 6  
1 . 9 6  
1 . 9 6  
1 . 9 6  
1 . 9 6  
1 . 9 7  
1 . 9 7  
1 . 9 7  
1 . 9 7  
1 . 9 7  
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TABLE I V  
ELECTROLYTE LEAKAGE ON 20  AH CELLS DURING CYCLING 
wound gage t o  
:over s e a l  o r  
’o s i t i ve  Terminal 
Jegative Terminal 
“-La1 No. Leaks Qbserved 
NOTE: E l e c t r o l y t e  leakage is determined by v i s u a l  observat ion of carbonate 
formation at, t h e  l eak  s i t e .  
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FIGURE 4 
4 
SA 6L 5B 
100/, DEPTH CAPACITY D U R I N G  50% DEPTH AUTOCYCLING 
Pos. Yes F l a t  2L EM4761 
Pos . Yes F l a t  1 L  Pe l lon  2140 
1OL SWRI-GX 
1OL SWRI-GX 
6A 6r 6B 
7A 6L 7B 
Pos . Yes Wedge 2L EM4761 
POS. Yes F l a t  1L Pel lon  2140 
8L SWRI-GX 
A = O r b i t  2 0  2/3 hours charge,  3 1/3 hours discharge.  
B = Orb i t  1 0  hours charge,  1 4  hours discharge.  
- 
Design and Orb i t  
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FIGURE 5 
3000 
2 7 5 0  
2500 
2 2 5 0  
H m 
pc 
I 
in 
in 
a, 
s-4 
CI m 
2000 
1 7 5 0  
15 00 
1 2 5 0  
1000 . Unacceptable 
S t r e s s  
_I 
2 
SKYDROL 500A 
TEST ON 
RESIDUAL STRESS 
CELL COVERS 
Molded - Not 
Marginal S t r e s s  
I I 
4 6 
Time - Minutes i n  Skydrol 
Machined from Alpha-Lux 
S a t i s f a c t o r y  Stress  
I I 
1 0  12 1 
500A a t  55°C 
Note: T i m e  t o  crack f o r  PPO i n  55°C ba th .  
-18- 
